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Abstract
The absorption spectra of human red and green visual pigments have peak wavelengths, lmax, that differ by 31 nm, yet the
opsins differ in only 15 amino acids. Mutagenesis studies have demonstrated that seven of the 15 amino acids determine the
spectral shift. We trained neural networks to predict the lmax of any red:green chimeric protein. Seven mutants were excluded
from the original training set. The trained networks were able to predict the lmax for the excluded mutants. As an additional test,
five new chimeric pigments were constructed and lmax determined. The neural networks correctly predicted the lmax of all five
mutants. The use of neural networks is a novel approach to the problem of wavelength modulation in visual pigments. © 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction
Humans have trichromatic color vision that is medi-
ated by blue, green, and red cone visual pigments.
These visual pigments are comprised of a chromophore,
11-cis retinal, covalently bound through a Schiff base to
an opsin protein. The interaction between the chro-
mophore and the protein modulates the spectral ab-
sorption of a particular visual pigment. The genes
corresponding to the three human opsin proteins have
been cloned, sequenced, and expressed in vitro
(Nathans, Thomas & Hogness, 1986; Oprian, Asenjo,
Lee & Pelletier, 1991; Merbs & Nathans, 1992). The
wavelengths of maximal absorption (lmax) are approxi-
mately 424, 530 and 560 nm for the expressed blue, red
and green pigments, respectively (Oprian et al., 1991;
Merbs & Nathans, 1992; Asenjo, Rim & Oprian, 1994).
The human red and green opsin gene code for proteins
with 364 amino acids which are 96% identical and
arranged on the X chromosome in a tandem array
(Nathans et al., 1986; Vollrath, Nathans & Davies,
1988). There are 15 amino acids that differ between the
red and green opsins (Nathans et al., 1986). From a
comparative study of New and Old World monkeys,
Neitz, Neitz and Jacobs (1991) suggested that just three
sites, positions 180, 277, and 285, are involved in
determining red:green spectral differences. However, a
thorough series of mutagenesis experiments by Asenjo
et al. (1994) have determined that an additional four
sites, positions 116, 230, 233, 309 are required to shift
the absorption maximum from that of a green pigment
(530 nm) to that of a red pigment (560 nm).
The question arises as to how these seven sites inter-
act to modulate lmax. Neitz et al. (1991) originally
suggested that the interactions are additive, however,
site-directed mutagenesis experiments suggest a non-lin-
ear process (Chan, Lee & Sakmar, 1992; Merbs &
Nathans, 1993; Asenjo et al. 1994). We decided to
investigate the interactions using back-propagating neu-
ral networks which frequently have been used to model
non-linear biological processes (O’Neill, 1991). These
networks consist of three layers, an input layer, a
hidden layer and an output layer. The hidden layer is
used to perform non-linear transformations of input
data in order to approximate output data (Montague &
Morris, 1994).
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In this study we used the data of Asenjo et al. (1994)
to train three layered, back-propagating neural net-
works. However, seven mutants were intentionally ex-
cluded from the training set. In each case the trained
networks were able to predict the absorption maximum
for the excluded mutant pigment. As an additional test,
five new chimeric pigments were constructed and ab-
sorption maxima determined. The neural networks cor-
rectly predicted the absorption maxima of all five
chimeric proteins.
2. Materials and methods
2.1. Materials
All reagents, except where indicated, were purchased
from Fischer Scientific Company, Hampton, NH. Lipo-
fectamine was from Life Technologies, Gaithersburg,
MD. The monoclonal antibody rhodopsin 1D4, which
is specific for the carboxyl terminus of rhodopsin has
been previously described (Molday & MacKenzie,
1983). Peptide I (DEASTTVSKTETSQVAPA) was
purchased from Macromolecular resources, Fort
Collins, CO.
2.2. Training of neural networks
Asenjo et al. (1994) published a listing of two wild
type and 34 mutant red–green pigments, together with
their absorption maxima. These mutations consisted of
an amino acid change from the red to green or vice
versa in one or more of the seven positions affecting
wavelength modulation in human red and green color
pigments. In that there are but two choices at each
position, these data were already in binary form and
could be entered as input vectors to a neural network
with seven input neurons. The neural networks used in
this study were all designed, trained and tested using
Neuralware II Professional™ software (O’Neill, 1991).
The absorption maxima constituted the desired output
of the network; these could be accommodated in the
network by a single output neuron, with the range from
532 and 563 nm renormalized to output values between
0 and 0.93. The output values were converted to opti-
mum wavelength by the following manipulation: ((out-
put value:0.03)532optimum wavelength). It
should be noted that after expression of the red and
green pigments was determined in this laboratory and
found to be 530 and 563 nm, respectively, the outputs
were renormalized with a linear function on this basis,
((output value:0.03)1.065530optimum wave-
length). The hidden layer of this back propagation
neural network contained three neurons. A sigmoidal
transfer function was used for both the hidden neurons
and the output neuron
(1:1e-Sweights). The absorption maxima of the two
wild type and 27 of the 34 mutant red–green chimeric
pigments determined by Asenjo et al. (1994) were used
for training. The remaining seven, chosen from across
the spectral range were used as test cases. All absorp-
tion maxima are expressed as integers.
2.3. Construction of opsin mutants
Two methods of mutagenesis were used to construct
the red:green chimeric proteins described in this paper.
Construction of mutant 4 was performed by the
method of restriction fragment replacement as de-
scribed in Asenjo et al. (1994) using synthetic human
red and green opsin genes (Oprian et al., 1991). The
remaining four mutants were constructed using the
Transformer Site-Directed Mutagenesis kit (Clontech,
Palo Alto, CA). All mutations were confirmed by DNA
sequence analysis (Sanger, Nicklen & Coulsen, 1977).
The specific red:green chimeric proteins constructed are
listed in Table 1. The chimerics were constructed by
mutating either a red or green gene and changing one
or more of the seven sites that mediate wavelength
modulation in these pigments.
2.4. Expression and purification of chimeric opsins
Chimeric red:green opsins were expressed in COS-7
cells following transfection with Lipofectamine (Life
Technologies; Gaithersburg, MD). Cells were harvested
48 h post-transfection for reconstitution and purifica-
tion of the pigment according to the procedure of
Oprian et al. (1991). Briefly, cells were resuspended in
PBS and incubated with 11-cis retinal in the dark for 1
h. Proteins were solubilized from cell membranes as
described by Okano, Kojima, Fukada, Shichida and
Yoshizawa (1992). Protein was purified by immuno-
affinity chromatography using a bovine rhodopsin
Table 1
The red:green chimeric proteins constructed and used to test the
neural net model as well as the wild type red and green pigmenta
116 180 230 233 277Mutant 285 309
Ser Ser Ile Ala Tyr Thr TyrR7
PheAlaPheSerG7 ThrAlaTyr
AlaPheAlaThrAla TyrTyr1: G3RG2R
Ser Ser Ile2: R3GR2G Ala Tyr Thr Phe
Tyr Ala Thr3: G3RGRG Ala Phe Thr Phe
Ser Ser Thr4: R2G3R2 Ser Phe Thr Tyr
Ser Ser Ile Ser Tyr Ala Tyr5: R3GRGR
a The seven sites that determine the spectral shift between red and
green pigments are 116, 180, 230, 233, 277, 285, 309. R indicates that
a particular site is occupied by the amino acid found in the human
red pigment, while G refers to the amino acid found in the green
pigment. The subscript indicates how many of the sequential sites are
occupied by either ‘red or green’ amino acids.
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Table 2
The predicted and experimentally determined lmax. for the seven test
mutants from the original Asenjo et al. (1994) data set not used in the
training of the neural network








dicted absorption maxima and the experimental value
was 0.4 nm.
A choice between two amino acids at seven different
positions in the protein affords a total of 128 distinct
patterns. Table 3 lists the complete set of all possible
maxima within the range of red:green pigments gener-
ated by the network. For an additional experimental
test of this model, one of us (PRR) chose five of the 92
mutants that had not been previously constructed.
These five new mutant pigments were chosen because
their predicted lmax spanned the entire range from 530
to 560 nm (see Table 1). The values predicted by the
neural network were withheld from all investigators
involved in the construction and expression of thesemonoclonal antibody, 1D4 (Molday & MacKenzie,
1983).
2.5. Characterization of spectral properties
Purified pigments eluted from the immunoaffinity
matrix were maintained at 6°C in a water-jacketed
cuvette holder. A Hitachi model U-3300 dual path
spectrophotometer was used to record absorption spec-
tra before and after bleaching with a 175 W fiber optic
light source. Samples were bleached for 10 min in the
presence of 50 mM hydroxylamine (pH 7.0). Difference
curves were then calculated from pre- and post-bleach
spectra. Spectral locations of the mutant pigments were
determined by fitting difference spectra for bleaching of
expressed pigments to A1 templates, using a least-
squares procedure (Stavenga, Smits & Hoenders, 1993).
3. Results and discussion
The absorption spectra of human red and green
visual pigments have peak wavelengths, lmax, that differ
by 31 nm, yet the opsins differ in only 15 amino acids.
Mutagenesis studies by Asenjo et al. (1994) have
demonstrated that seven of the 15 amino acids deter-
mine the spectral shift. They published absorption max-
ima for 34 red:green chimeric pigments as well as the
maxima for wild type red and green pigments. A neural
network was trained on the data from 27 of the 34
mutants and the two wild type red and green pigments
until all outputs matched the correct absorption max-
ima to 2 nm or better (see the legend of Table 1 for a
description of the nomenclature used to describe the
mutant pigments). These results were obtained after
10 000 iterations from the training set. The trained
network was then used to test the seven mutants that
were withheld. Table 2 depicts the absorption maxima
predicted by the trained network and those obtained
experimentally by Asenjo et al. (1994). The test data are
within 1 nm of the experimental data which have an
error of91 nm. The average difference between pre-
Table 3
Predicted lmax expressed in nanometres of all 128 red:green mutants
as determined by trained neural networksa
MutantPredicted lmax
533 G7, G6R1, G3RG3
534 RGRG4, RG2RG2R, RG2RG3, RG5R,
G2R2G2R, RG6, GRG5,G2RG4, G2RG3R,
G3RG2R
535 RGR2G2R, RGR2G3, GR2G4, GR2G3R,
GR3G3, GRGRG2R, GRGRG3, RGRG3R,
GRG4R, G2R2G3
536 GR3G2R, R2G5, G4RG2, R2GRG3, G3R2G2
G3R2GR, G2R3G2, G2RGRG2, R2GRG2R, G4537
GR3, R3G4, R4G3, R2 G4R
538 RG3RG2, G2R3GR, RG2 R2G2, G2RGRGR,
R4G2R, R3G3R
RGRGRG2, RG3RGR539
GRGR2G2, RGR3G2, RG2R2GR, G5RG,540
GRG2RG2
541 GR2GRG2, RGRGRGR, G3RGRG, RGR3GR,
GRG2RGR
542 GRGR2GR, G2R2GRG, G3RGR2, GR4G2,
G2RG2RG, G5R2
G2RG2R2, GR2GRGR, GR4GR543
544 R2GR2G2, G2R2GR2, RG4GR, R2G3RG2
545 R2G2 RGR, RG2RGRG
546 RGRG2RG, RGR2GRG, R2GR2GR, R3GRG2,
RG2RG R2, R5G2, RG4 R2
GRG3RG, G4R2G, R3GRGR, GRGRGRG547
548 R5GR, RGR2GR2, RGRG2 R2, GRG3R2, G4R3
GR3GRG, GR2G2RG, GRGRGR2549
550 GR2G2R2
551 G3R3G, GR3GR2, R2G3RG
552 G3R4, R2GRGRG, G2RGR2G
553 R3G2RG, G2R4G, R2GRGR2, R4GRG, R2G3
R2
554 G2RGR3, R3G2 R2, RG3 R2G
G2R5, GRG2R2G, RG2 R3G, RG3 R3, R4GR2555
RGRGR2G, GRG2R3, GRGR3G, RG2 R4556
557 GR2GR2G, RGRGR3, GRGR4, RGR4G
558 GR5G3, RGR5, GR2GR3, R2G2R2G
559 GR6, R2G2 R3, R2GR3G
560 R3GR2G, R2GR4, R3GR3, R6G
561 R7
a Wild type red and green lmax were taken as determined by Asenjo
et al. (1994) to be 563 and 532 nm, respectively.
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Fig. 1. Normalized difference spectra of purified expressed human red, green and red:green chimeric visual pigments. Spectra were determined in
the presence of hydroxylamine (10 mm, pH 7.0) and were compared with spectra for rhodopsin. In each spectrum, the positive component of the
curve is due to the formation of recombinant pigment and the negative component (lmax367 nm, not shown) is due to the release of all-trans
retinal upon bleaching.
mutant pigments. We constructed these five red:green
chimeric proteins and subsequently expressed, reconsti-
tuted the opsin with chromophore and purified the
pigments. Absorption maxima were determined and are
depicted in Fig. 1. Table 4 summarizes these data and
compares the experimentally determined absorption
maxima with the values predicted by the neural net-
work. The average difference between predicted absorp-
tion maxima and the experimental value was 1.2 nm.
Does our ability to correctly predict the absorption
maximum of both published and newly created red:
green mutants indicate that the interactions among
these seven sites are linear or non-linear? The non-lin-
earity of the process can be clearly demonstrated by
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Table 4
Five red:green chimeric opsins were designed to test the neural
network model of human red:green color pigmentsa
Experimental lmax (nm)Predicted lmax (nm)Mutant
532 5331: G3 RG2R
2: R3GR2G 560 560
540 5433: G3RGRG
4: R2G3R2 552 550
546 5465: R3GRGR
a Displayed are the neural networks predicted absorption maxima
and the experimentally determined values from the data depicted in
Fig. 1. It should be noted that the experimental value of the lmax of
wild type red and green pigments expressed in the authors laboratory
were determined to be 563 and 530 nm, respectively. The outputs
from the neural network were renormalized using a linear correction
on this basis. See Table 1 for the seven sites that determine the
spectral shift between red and green pigments and the identity of the
amino acids at each of the sites.
The usefulness of this new approach to model and
predict the absorption maxima for long wavelength
sensitive pigments (LWS) was demonstrated in our
recent work in the bottlenose dolphin (Fasick &
Robinson, 1998). A comparison of the deduced dolphin
LWS cone opsin sequence with the human red and
green cone opsin sequences indicates that the dolphin
LWS opsin has an amino acid that is found in either
the human red or green opsin at the seven amino acid
positions responsible for the lmax modulation between
the two human visual pigments. The sequence of the
dolphin LWS opsin at the seven sites is G2RGR3. The
experimentally determined lmax of the dolphin LWS
cone pigment is 524 nm, while the lmax of the dolphin
LWS cone pigment predicted by the neural network is
552 nm. However, the value predicted by the neural net
is identical to the single mutant S308A constructed in
the dolphin LWS cone pigment. In both human red and
green opsins the amino acid at position 308 is an
alanine. The discrepancy between the predicted and
experimentally determined lmax of the dolphin LWS
cone pigment led us to discover a new and important
site of wavelength modulation in mammalian LWS
pigments.
In conclusion, we have used a new approach to
model and predict the absorption maxima for human
red:green chimeric proteins. This is not only a novel
approach to the problem of wavelength modulation,
but provides a promising means to investigate struc-
ture-function properties of proteins in general.
Acknowledgements
This work was supported by grants from the NSF
and the NEI awarded to PRR. We thank Rosalie
Crouch and the National Eye Institute for the gift of
11-cis-retinal, D. Oprian for the synthetic genes for
human red and green opsin, R.S. Molday for the 1D4
antibody.
decompiling the weighted values of each of the seven
sites in various mutants and in the wild type pigment.
The amount in nanometres of red shifting contributed
by each of seven sites in different mutants is seen in
Table 5. The values for a given position can change by
as much as 35% depending on the context provided by
the other amino acids that interact with the retinal
chromophore. For instance, in the red pigment position
285 is occupied by the amino acid Thr. In the mutant
G3RGRG, Thr 285 contributes 8.8 nm of red shift
while in the mutant R2G3R2 this same site contributes a
red shift of 12.4 nm. The neural net model also predicts
which of the seven sites are the major effectors in
wavelength modulation. According to the decompiled
weighted site values three sites 180, 277 and 285 are of
primary significance. These sites have been previously
recognized for their significance based on more tradi-
tional analyses (Yokoyama & Yokoyama, 1990; Neitz
et al., 1991; Merbs & Nathans, 1993; Asenjo et al.,
1994).
Table 5
The amount in nanometres of red shifting contributed by each of seven sites in different mutants is presenteda
6 (285)Mutant 7 (309)1 (116) Total red shift (nm)2 (180) 3 (230) 4 (233) 5 (277)
1 00 0.63 10 0 0.37 0
28012.326.1602 1.54.313.67
0 0 8.82 0 90 03 0.18
04.333.094 211.2312.3500
3.98 15.30.9906.6402.53 1.155
a Positions 1–7 refer to amino acids 116, 180, 230, 233, 277, 285 and 309, respectively. See Table 1 for the design of the five mutants used in
this study.
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